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Aims
To determine if the germination response of desert plant species to a period of aerial storage in field conditions (i.e. mature seeds that remain attached to the parent plant) is comparable to seeds harvested at maturity and stored in ambient laboratory conditions, to better understand the role of aerial seed bank in the germination ecology of desert plants, using one annual and two perennial species.
Methods
Seeds of three desert plants (Anastatica hierochuntica, Blepharis ciliaris and Scrophularia deserti) that matured in June 2014, were collected from wild plants in June and November 2014, and germinated under two photoperiods (0, 12 hours light) and three thermoperiods (night/day temperatures of 15/25, 20/30 and 25/35°c) .
Important Findings
Seeds of B. ciliaris and S. deserti had significantly higher germination percentages when harvested and stored for five months, compared to being stored in the aerial seed bank. Germination percentages of these two species increased with decreasing temperature and in the presence of light. These results indicate that these species use a combination of aerial and soil seed banks to maintain a percentage of viable seeds through favourable germination periods. Germination percentages of A. hierochuntica were high under all tested circumstances, indicating that this species relies mainly on the aerial seed bank to maintain a percentage of viable seeds through favourable germination periods. This study shows that the population survival strategies of an aerial seed bank are species-specific. These results have practical implications for conservation and habitat restoration for these species, and also for their propagation since early collection of mature fruits and ex situ storage will result in greater germination percentages of some species. 
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INTRODUcTION
Plant species that disseminate fewer than all viable seeds as soon as they mature consequently develop aerial seed banks: this phenomenon is known as 'serotiny' (Baskin and Baskin 2014) . Seed dissemination may occur rapidly after a specific environmental effect or be spread over a longer period (Lamont 1991) . Aerial seed banks have been reported for habitats that are fire-prone (Moya et al. 2013) , nutrient poor (Gunster 1992) and with unpredictably fluctuating environmental conditions (Cowling and Lamont 1985) . This mechanism may improve species' recruitment by: (i) maximizing seed availability when conditions are favourable (e.g. directly after a fire); (ii) coordinating germination to produce an occasional high-seedling density, thus inhibiting the growth of competitors (Baskin and Baskin 2014) ; (iii) providing a physical protection against granivores, which is particularly relevant for arid habitats where fallen seeds are more exposed (Santo et al. 2014a, b) and (iv) increasing seed water uptake, by protecting the seeds from wind and sun (Narita 1998) .
Aerial seed banks are also observed in shifting sand habitats, with seeds sometimes remaining in the canopy after the plant is buried (Baskin and Baskin 2014) . Greater longevity of soil seed banks has been reported for xerophitic plant species that maintain an aerial seed bank (Ma et al. 2010) . Aerial seeds may be protected from both biotic and abiotic factors, such as predation and heat (Gutterman and Ginott 1994) . Seed release in some desert species is triggered by a significant rain event which coincides with suitable conditions for establishment (Aguado et al. 2012) , and after which the aerial seed bank gradually diminishes (Hamilton-Brown et al. 2008) . Dispersal timing may be optimized to reduce time in the soil seed bank before germination, increase chances of being dispersed to an optimal substrate Lamont and Enright 2000) , or spread dispersal temporally, so that some seeds will be dispersed during optimal conditions (Ellner and Shmida 1981) .
The role of aerial seed banks for arid habitat species has received little attention so far by researchers (Peters et al. 2011) . In these habitats, water availability is a key environmental factor for species survival (Bhatt and Santo 2016a; Noy-Meir 1973; Minissale et al. 2011) . The aim of this study is to better understand the role of aerial seed bank in the germination ecology of desert plants, using one annual and two perennial species.
Anastatica hierochuntica L. (Brassicaceae) is an annual species that prefers sandy habitats and it is a well known 'resurrection plant', well resistant to hyper-dehydration. Blepharis ciliaris (L.) B. L. Burtt (Acanthaceae) and Scrophularia deserti Del. (Scrophulariaceae) are perennial and mostly occur in rocky habitats or gravel plains (Jongbloed 2003) . These three species have potential for use in landscaping in arid regions (GSAS 2014) and have been used for medicinal purposes (Jongbloed 2003) . Their seeds may remain viable for several years within the aerial seed bank (Hegazy et al. 2013; Mathur 2014) . Seed dispersal for these species is distributed temporally from the aerial seed bank, beginning at the time of seed maturation. A. hierochuntica seeds are retained inside the parental dead skeleton (Friedman and Stein 1980) . B. ciliaris seeds are retained within parental dead coriaceous bracts (Akhani et al. 2008) . S. deserti seeds are stored within capsules, each containing numerous seeds. Dispersal of A. hierochuntica and B. ciliaris seeds is primarily by rain (Gutterman 1993 ). The hygrochastic nature of A. hierochuntica was described by Hegazy and Kabiel (2007) .
Temperature, relative humidity and seed moisture content are the main factors that affect seed longevity under both controlled storage and field conditions (Ellis and Hong 2006; Roberts 1972; Santo et al. 2015a, b) . Other factors affect seed longevity under field conditions, such as availability of oxygen, light and microorganisms (Bewley and Black 1994; Bhatt et al. 2016b; Murru et al. 2015) . The environmental factors associated with seeds in the buried soil seed banks differ from those in the aerial seed banks (Baskin and Baskin 2014) , since burial reduces exposure to diurnal temperature variation and light. Seeds stored in the aerial seed banks face similar conditions to seeds at the soil surface (El-Keblawy and Bhatt 2015) . It is therefore likely that seeds stored in an aerial seed bank have different germination requirements than seeds stored in a soil seed bank.
We hypothesized that aerial seed banks of the three studied species have species-specific roles in germination. We tested this by examining (i) if seeds stored in an aerial seed bank differed in their final germination success from seeds stored in artificial buried conditions, (ii) if there are photoperiod or thermoperiod mediated mechanisms that affect germination under laboratory conditions and (iii) if there are species-specific variations in these patterns.
MATERIALS AND METHODS
Seed collection and storage
Seeds of A. hierochuntica, B. ciliaris and S. deserti were collected from natural populations in Al Shahaniya (25.2817°N, 51.4534°E) and adjoining areas of Doha (Qatar) in June and November 2014. This represented <1 (room stored) and 5 (field stored) months storage in the aerial seed bank, since all collected seeds had matured in June 2014. Seeds of each species were collected from at least 30 parent plants, spaced at least 2 m from each other, to increase the representation of the population genetic diversity. Seeds collected in June 2014 (room stored) were air dried, cleaned and stored in brown paper bags at room temperature (20 ± 2°C) for five months.
Germination experiments
Germination studies were conducted in November 2014 using incubators to assess three thermoperiods (night/day temperatures of 15/25, 20/30 and 25/35°C each for 12 hours), two photoperiods (0, 12 hours light per day, with light corresponding to day temperature) and two storage locations (aerial seed bank, room). Darkness was achieved by wrapping petri dishes in aluminium foil. Seeds were classified as germinated when the radicle protruded visibly by at least 2 mm. Germinated seeds were examined for germination every second day for 22 days following seed soaking. Seeds in the 0 hours/day photoperiod were examined for germination on day 22 only, at the end of the experiment.
Data analysis
Germination percentages were calculated as the mean of four replicates. The relationships between mean germination percentages (dependent variable) and the values of the three predictors (storage before germination, photoperiod and thermoperiod during germination) were modelled for each species using a generalized linear model (GLM) with binomial distribution and a logit link function. A paired-samples t-test was conducted to compare the mean germination percentages of field and room storage, for each photoperiod/thermoperiod combination. All statistical analyses were performed using IBM SPSS Statistics version 22.
RESULTS
Anastatica hierochuntica
Across incubation treatments, both fresh and stored seeds germinated with very high percentages (>80%, Table 1 and Fig. 1) . Overall, no significant effects (P > 0.05) were observed on seed germination for incubation temperature and the interaction between seed collection time and temperature, except for photoperiod (P < 0.001; Table 2 ). Seeds incubated in total darkness germinated with slightly lower percentages as compared to those subjected to a 12-hour light regime (Table 1) . A paired-sample t-test did not show significant differences (P > 0.05) in seed germination between fresh and stored seeds at any given temperature regimen (Table 2; Fig. 1 ).
Blepharis ciliaris
The overall percentages of germinated seeds varied significantly (P < 0.001) for collection time, incubation temperature, light/dark regimes and their three-way interaction (Table 2) . A paired-samples t-test revealed that seed storage in the laboratory enhanced significantly (P < 0.05) the percentage of seed germination at all incubation temperatures, both in 12 hours light and in 24 hours dark regimes ( Fig. 2a and b ). An incubation temperature of 15/25°C in both photoperiods was found to be optimum for germination of both fresh and stored seeds, although with highly significant differences (P < 0.001) ( Table 2 ; Fig. 2a and b) .
Scrophularia deserti
The fitted GLM revealed statistical significant effects (P < 0.001) of seed collection time, incubation temperatures, light/ dark regimes and a two-way interaction of collection time and light on seed germination percentages (Table 2) . Final germination ranged between ca. 62% and ca. 78% for stored seeds, incubated in 12-hours light regimes at three incubation temperatures (Table 1 ; Fig. 3a) . Germination across all incubation temperatures in complete dark regimes was consistently low (<30%) without any significant (P > 0.05) difference between fresh and stored seeds. However, in the 12-hours light regime, a paired-sample t-test revealed that germination of stored seeds was significantly higher at 20/30°C and 25/35°C as compared to fresh seeds (Fig. 3a) .
At the end of the experiments, after the observation of the seed endosperm under a binocular microscope, no more than 5% of ungerminated seeds for each species were death, therefore the remaining seeds were considered dormant.
DIScUSSION
Seed banks are an adaptation to desert ecosystems, where favourable conditions for seed germination and seedling establishment are unpredictable (Koontz and Simpson 2010; Meyer and Pendleton 2005) . Aerial seed banks are thought to be a further adaptation to these conditions (Kamenetsky and Gutterman 1994; van Rheede et al. 1999 ). The present study revealed that five months of storage in the aerial seed bank reduced germination rates in B. ciliaris and S. deserti, when compared to five months stored in the dark at room temperature, indicating that natural field conditions induced changes in the physiological conditions of the seeds. Aerial seed banks are unprotected from high temperature and relative humidity, which may reduce the viability of the seeds stored in them (Azevedo et al. 2003) . Similar results were obtained for Arthrocnemum macrostachyum (Delile) Ung.-Sternb. and Sporobolus ioclados (Nees ex Trin.) Nees, in which seed viability decreased sharply under natural environmental conditions due to high temperatures and salinity (Zia and Khan 2004) .
It is also possible that abiotic factors induced dormancy in seeds of B. ciliaris and S. deserti. High temperature is known to induce dormancy of seeds in seed banks (Degreef et al. 2002) , and seeds of most desert plants possess physiological dormancy (Gutterman 2002) . Seeds of B. ciliaris are retained inside the coriaceous bracts of dead parent plants, which may protect them from abiotic factors and granivores for many years without losing viability (Mathur 2014; Wickens 1998) . We expected S. deserti seeds to display a similar response, remaining dormant but viable for an extended period, as it happens with other Scrophulariaceae species (Eriksen et al. 1993) . Germination of a viable seed will often not occur despite the presence of good abiotic conditions (Aliloo and Darabinejad 2013) . Dormancy provides time for seed dispersal over greater distances, while also contributing to seedling survival. Seeds of A. hierochuntica were only marginally affected by storage method (aerial seed bank, room), indicating that seeds can remain viable in the aerial seed bank for a long time. Annual species usually have only one chance to reproduce in a year, and in unpredictable conditions it is likely that this opportunity is occasionally entirely missed by a species within a location. The use of a seed bank may provide a seed source for recruitment in subsequent years. Most annual species in desert environments have persistent aerial seed banks (Gunster 1992; Hegazy et al. 2013) , and long-term survival is achieved by allowing only a portion of seeds to germinate in each rainfall event (Hegazy et al. 2013) .
Soil seed bank dynamics depend on both seed release from the aerial seed bank, and soil conditions (Gao et al. 2014) . Naturally dispersed, non-dormant unburied seeds might germinate after rain, but remaining dormant seeds are added to the soil seed bank. The three species studied have all been observed in soil seed banks (Erfanzadeh et al. 2014; Gomaa 2012; Holzapfel et al. 1993; Zaghloul 2008) . The presence of two seed banks could provide greater variation in seed dormancy or germination response, thus increasing the temporal range of the soil seed bank. This may minimize the risk of mass-germination during unusually favourable conditions. Germination rates of all three species studied were increased by the presence of light, a characteristic that could favour the formation of soil seed banks (Bowers 2000; Rojas-Aréchiga and Batis 2001) . Germination percentages of B. ciliaris seeds were enhanced by light at lower temperatures, but higher temperatures halted germination of all seeds from the aerial seed bank. Light improved the germination percentages of room stored S. deserti seeds, which were greatest in the medium thermoperiod (20/30°C), though the lowest thermoperiod produced an equally high germination percentage in aerial seed bank seeds exposed to the 12-hour light photoperiod. These results indicate that seeds of all three species are light-sensitive, and that S. deserti seeds require light to achieve high germination. Hence, S. deserti buried seeds are most likely to form a persistent soil seed bank, which has been considered an essential trait for environmental unpredictability (Venable and Lawlor 1980) . Similar characteristics have been reported for other desert species, such as Artemisia monosperma Delile (Huang and Gutterman 1998) , A. sphaerocephala Krasch. Gutterman 1999), A. ordosica Krasch (Huang and Gutterman 2000) and Salsola rubescens Franch. (El-Keblawy et al. 2013) .
Seeds of the three studies species naturally mature in MayJune, when rain events are rare and temperature is typically 21-25°C minimum to 32-38°C maximum. Temperature is a major limitation to germination in arid and semiarid regions, Data were modelled using a generalized linear model with binomial distribution and a logit link function. Values are the mean of four replicates ± standard deviation. Light is statistically significant (P < 0.0001 by general linear model). A paired-samples t-test comparisons carried out for each temperature indicate significance level (P < 0.05). NS indicated P value >0.05 (non-significant).
particularly when combined with a dry season (Huang et al. 2003; Tlig et al. 2008) . Immediately, dispersed seeds are therefore likely to enter the soil seed bank until conditions for germination become more favourable. A single rain event between November and February, when temperature is most favourable, is most likely to trigger germination and result in successful seedling establishment.
A. hierochuntica had a high germination percentage under all studied conditions (Table 1a) . Since the species germinates almost as easily in darkness as in light, it is unlikely to have a persistent soil seed bank and is therefore likely to rely on the aerial seed bank for persistence. Previously, little attention has been given to the photoperiod response of seeds from an aerial seed bank. Seeds of Blepharis persica (Burm.f.) Kuntze germinated to 100% regardless of light, but seeds of Protea neriifolia R. Br. were inhibited by darkness (Le Maitre 1990) . A reliance on the aerial, rather than on the soil seed bank, may be an effective strategy to survive consecutive years of drought, a condition that occurs often in desert habitats (El-Keblawy et al. 1997) . The dry skeletons of A. hierochuntica have hygrochastic branches that allow for intermittent release of seeds over time (Hegazy et al. 2006) , and seeds can remain viable in the aerial seed bank for a long time. Similarly, Paysonia stonensis Rollins (Brassicaceae) seeds have been reported to remain viable in the aerial seed bank for more than six years (Baskin and Baskin 1990) .
Our study provides new insights for understanding the functional significance and adaptive strategies of aerial seed banks storage in population maintenance of desert plants, showing that serotiny and its effects on plants and their biology are species-specific. These results have potential practical implications for conservation and restoration of habitats for these species, as well as for propagation, since early collection of mature fruits and ex situ storage will result in greater germination percentages of some species. 
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